A mong primary malignant hepatic tumors, hepatocellular carcinoma (HCC) is the most common disease and is highly associated with chronic hepatitis B and cirrhosis. Focal nodular hyperplasia (FNH) is the second most common benign focal liver lesion (1), and although it displays gentle biological behavior generally, it can cause abdominal pain or right upper quadrant discomfort occasionally. In terms of the extent of vascular supply during contrast enhancement, HCC and FNH both show a hyperarterialization pattern. HCC is characterized by rapid washout in portal and delayed phase compared with adjacent liver tissue, while FNH displays isointensity or mild hyperintensity in the venous phase because of its slower washout. Liver-specific contrast agents, such as gadoxetic acid, can provide unique information to diagnose these conditions more precisely; however, such agents increase the cost and time-consumption of diagnosis. Occasionally, HCC and FNH show confounding or atypical appearances on imaging, especially for high-or middle-grade differentiated HCC, leading to confusion, misdiagnosis ( Fig. 1) , and even unnecessary interventions. Since the treatment of these two lesions is completely different, avoiding unnecessary invasive treatment or tests, such as biopsy, surgery, or interventional therapy, is vital for the prognosis and quality of life of the patient. Therefore, it is crucial to diagnose these conditions noninvasively and accurately before surgery.
percellularity, and decreased extracellular space, making them manifest as hyperintense signal on DWI. The apparent diffusion coefficient (ADC), calculated from two b values, is a quantitative analysis of diffusion that has received significant attention in clinical practice (2, 3) . However, the ADC calculated from a mono-exponential fit has been shown to be larger than the true diffusion in voxels, which means traditional DWI and ADC might have been overestimated for lesion analysis in daily practice.
Le Bihan et al. (4) proposed the intravoxel incoherent motion (IVIM) model after proving that perfusion exists inherently in diffusion-weighted image voxels and influences the measurement of the ADC subtly. Both diffusion and perfusion can be quantified or estimated separately by multi-b values according to a bi-exponential model, including D, f, and D*, which represent the pure diffusion coefficient, perfusion fraction, and pseudodiffusion coefficient, respectively. Recently, IVIM has become popular and has been applied routinely in the human body, mostly to evaluate therapeutic response (5, 6) , in chronic disease assessment (7, 8) , and for lesion detection and characterization (9, 10) . One of the most conspicuous advantages of IVIM is that it does not require contrast medium injection. It is believed that the IVIM parameters between malignant and benign tumors of the liver are apparently different (11) (12) (13) (14) ; however, these previous reports were of limited use because they included non-solid tumors, such as cysts, abscesses, or hemangiomas; hypovascular metastatic lesions; and ill-defined tumors like cholangiocarcinoma, which are hard to delineate in the analysis.
The aim of the present study was to determine whether IVIM-derived parameters are distinct between HCC and FNH and whether they can be used to differentiate these solid hyperenhancing tumors noninvasively.
Methods

Study selection
This study protocol was approved by the local ethics committee. Informed consent was obtained from all patients before the examination. Inclusion criterion was a suspected FNH or HCC without previous treatment. Between January 2016 and July 2016, we examined 41 patients with clinically suspected FNH (n=5) and HCC (n=36), as observed by computed tomography (CT) or magnetic resonance imaging (MRI). The exclusion criteria were as follows: (a) no liver nodule or tumor on CT or MRI; (b) lesion diameter <1 cm; and (c) accompanying portal vein tumor thrombus (PVTT) in HCC.
The final study population comprised 5 patients with FNH and 22 patients with HCC (excluding 14 patients with PVTT: 9 PVTTs in the right branch or its sub-branch, 1 in the left branch, and 4 in the trunk or its bifurcation). In HCC group, there were 21 patients with mild or severe cirrhosis and 1 without obvious cirrhosis. Also, in this group, 16 patients were Hepatitis B surface antigen (HBsAg) positive, 1 patient was HBsAg negative, while 5 patients were not tested in our hospital. The mean age was 42.0±9.2 years (range, 33-52 years) in the FNH group and 52.6±13.7 years (range, 25-79 years) in the HCC group. Histopathologic confirmation was available in 11 patients with HCC (8 patients confirmed after surgery and 3 patients confirmed by biopsy) and in 2 patients with FNH (after surgery). In the remaining patients (11 patients with HCC, 3 with FNH), the lesion was diagnosed using typical imaging features, as well as elevated alpha fetal protein (AFP) in HCCs. According to the guideline of the American Association for the Study of Liver Diseases (AASLD), a nodule larger than 1 cm or a mass can be diagnosed noninvasively using a single dynamic imaging technique that shows intense arterial uptake followed by a washout of contrast in the venous-delayed phase. FNHs are diagnosed by intense arterial uptake and per-
Main points
• Intravoxel incoherent motion diffusionweighted imaging (IVIM-DWI) might be helpful to noninvasively differentiate hepatic solid hypervascular tumors: hepatocellular carcinoma (HCC) and focal nodular hyperplasia (FNH).
• The IVIM-derived parameters, such as pure diffusion coefficient (D), pseudo-diffusion coefficient (D*), and ADC total were significantly different between HCC and FNH.
• D* was weak for reproducibility among IVIMderived parameters. shows a slightly heterogeneous hypervascular lesion with a small focal area of hypointensity. The lesion still demonstrates hyperintensity compared with the surrounding liver parenchyma on portal and equilibrium phase, respectively (c, d). Notably, there is delayed enhancement of the central linear area and peripheral capsule around the lesion. This lesion contains characteristics of both hepatocellular carcinoma (HCC) and focal nodular hyperplasia (FNH), and it is hard to make the correct diagnosis without a hepatocyte-specific contrast agent. The lesion was pathologically proven to be an HCC with intermediate-differentiation after resection. 
Data acquisition
The patients were examined and evaluated prospectively using a 3.0 T MRI scanner (Discovery 750W, GE Healthcare) with a 16-element body coil. 
Parameters for DWI
Respiratory-triggered single-shot DWI spin-echo planar imaging with multiple b values was carried out. For patients receiving gadoxetic acid, the DWI was performed before the hepatobiliary phase (about 15 min after contrast injection). For the remaining patients, the images of DWI were obtained before administration of gadopentetate dimeglumine (unenhanced images). The scanning parameters were as follows: TR/TE, 6000-10000/61-63. 
Image analysis
To obtain ADC total and IVIM-related parameters, an abdominal radiologist placed regions of interest (ROIs) on diffusion-weighted images at b values of 0 s/mm 2 for each targeted lesion. If a lesion demonstrated homogeneous imaging (Fig. 2) , a freehand ROI was drawn carefully along the lesion edge to encompass as much tissue as possible on the slice showing the largest level, or the upper or lower one section of the tumor, avoiding surrounding vessels or bile ducts seen macroscopically. If a lesion showed a heterogeneous appearance in an image ( Fig. 3 ), 3 identical circular ROIs were set on the largest slice to measure viable tumor areas, while avoiding necrosis or cystic change, or hemorrhage zone and artifacts.
The average values within each ROI for all parameters were generated by GE post-processing software automatically.
According to the relationship between signal intensities and b values, IVIM could be expressed by a mathematical formula as follows:
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Statistical analysis
Unless otherwise specified, data are reported as mean ± standard deviation. To estimate reproducibility and stability of the repeated measurements, the coefficient of variation (CV) and Bland-Altman (BA) analyses were performed to test data reliability.
The reproducibility of a parameter was defined as excellent when the CV was ≤10%, good when the CV was between 10%-20%, acceptable when the CV was between 20%-30%, and poor when CV was >30%.
Since the same method was used twice for measurement, the mean difference should be zero. Thus, the coefficient of repeatability (CR) could be calculated as 2× the standard deviation of the differences between the two measurements (d 2 and d 1) :
The uniform sizes of circular ROIs were copied for heterogeneous lesions and freehand ROIs were drawn for homogeneous lesions during re-test analysis. The locations of the ROIs were maintained the same as much as possible to reduce measurement bias.
The nonparametric Mann-Whitney U test was used throughout the study to compare IVIM parameters and ADC total between HCC and FNH. Parameters that yielded statistical significance between the two groups were assessed by a receiver operating characteristic (ROC) curve to estimate diagnostic performance. All analyses were performed using SPSS version 19.0 (IBM Inc.) and MedCalc Statistical Software. A significant difference was accepted when the P value was <0.05.
Results
We evaluated 22 HCC patients (14 patients had 1 lesion, 2 patients had 2 lesions, 1 patient had 3 lesions, and 5 patients had more than 3 lesions) and 5 FNH patients (5 lesions). The mean lesion diameter was 77.00±37.59 mm and 42.00±17.38 mm for HCCs and FNHs, respectively.
According to the signal intensity acquired from the 11 b values used in our study, the relationship between signal intensity versus b values could be described as a bi-exponential model for both HCC and FNH.
The stability and reproducibility of all parameters are shown in Table 1 A 59-year-old male with HCC. An axial fat-suppressed T2-weighted image (a) shows a well-circumscribed and lobulated mass that demonstrates a moderately higher signal intensity. An axial fat-suppressed T1-weighted image (b) shows hypointensity and equilibrium phase (c) shows inhomogeneous enhancement. Additionally, the lesion is apparently hypointense compared with the normal liver parenchyma. On b0 image (d), the large mass shows hyperintensity. Three circular ROIs, drawn because of the heterogeneous component, of the same size were set on solid and viable tumor zones on a b0 image (e), according to a regular MRI sequence; care was taken to avoid multiple internal foci of the necrosis area. After a short interval of several days, three identical circular ROIs were placed on the same site for re-test (f). (Figs. 4 and 5) . The ROC analysis demonstrated that ADC total , D, and D* could be used to distinguish HCC from FNH, with an excellent diagnostic ability (Fig. 6) 
Discussion
Unlike the two b values in DWI from which ADC is calculated according to the mono-exponential model, which mixes diffusion as well as blood flow, IVIM can distinguish diffusion and perfusion components separately using multiple b values through a bi-exponential model algorithm (15, 16) . This model can be described using the parameters D, D*,and f, where the latter two parameters represent perfusion-related diffusion.
With respect to ROI placement, accurate measurements are unavoidably influenced by different ROI sizes or locations each time. To eliminate these two factors, we manually placed uniform-sized ROIs at almost the same location as much as possible for each measurement. Our results demonstrated that the CR of D* was largest among all parameters, which meant that D* was the least stable. Although we tried to maintain ROI location identical for best endeavors during each operation, it was inevitable that there would still be small differences between Intravoxel incoherent motion imaging for differentiating liver cancer • 267 (17) (18) (19) . However, the range of the CR (Bland-Altman) in our study was smaller and reasonably acceptable compared with previous studies (20, 21) , which could be explained by our homogeneous ROI placement scheme.
Some patients were subjected to contrast enhancement before regular MRI, such as T1-and T2-weighted imaging and DWI, since liver-specific contrast agents have to be injected first for adequate hepatocyte uptake. A couple of previous studies showed that the effect of contrast medium on imaging parameters was unapparent and did not reach statistical significance (22, 23) ; therefore, our results were not likely to be influenced by the timing of contrast agent injection.
Increases in cell density or cell swelling and the viscosity of the extra-or intracellular matrix mean that the extracellular space (the distance that water molecules can move unrestricted from one cell to another) decreases. Malignant tumors of the liver, such as HCC, are characterized by hypercellularity and high nucleus-cytoplasm ratios, which are the two major factors that reduce extracellular space, leading to lower diffusion compared with FNH. FHN is composed of normal hepatocytes and malformed bile ducts, in which diffusion is unhampered, as was reflected in our results, where D was lower in HCC than in FNH.
A number of studies have pointed out that perfusion parameters between malignancy and benignity are absolutely different because of their microstructure disparities (11, 12) ; however, the nature of these differences in specific lesions is still not completely understood (24) (25) (26) . Images captured during routine work in hospitals or from the literature for HCC and FNH show that both of these lesions are characterized by abundant blood supply in the arterial phase. Based on the above pathophysiologic feature, some studies have investigated useful ways to distinguish them, because it remains a challenge to make an accurate diagnosis in some complex cases. Klauss et al. (27) found no significant differences between the D* values of HCCs and FNHs. Nevertheless, an obvious distinction in the D* values was observed in our study. In addition, the values for D* and f in our study were larger than those in Klauss et al. (D*, 45.7±54.1 for HCC and 39.9±47.2 for FNH; f, 13.6±6.5 for HCC and 14.4±5.8 for FNH), and the D* value for FNH was larger than that for HCC as well. There are three possible explanations for the contradiction between the two datasets. First, the MRI platform is not uniform; we used GE 3.0 T MRI scanner only, while Klauss et al. (27) used two different imagers, although both of them were Siemens 1.5 T (Aera and Magentom Avanto). Barbieri et al. (28) compared different scanners and determined that the IVIM parameters across MRI imagers were substantially different, even between scanners from the Blood flow into the liver supplied by portal vein accounts for approximately 75%-80% in the normal state. The evolution of HCC is characterized by an increase in arterial supplementation; however, a decreased portal flow resulting from PVTT or portal hypertension is not sufficiently compensated for by this increase in arterial flow. Additionally, some patients in our study suffered from severe cirrhosis, mostly caused by hepatitis B, leading to portal vein blood reduction. The remodeling of the hepatic lobule in cirrhosis is prone to result in diminished liver perfusion in spite of arterial vasodilatation (29, 30) . Furthermore, HCC is notorious for disruption and invasion of hepatic vessels and the parenchyma, in which many tortuous and immature tumor vasculatures and tissues are distributed within a lesion, representing the primary pathologic changes that differ from FNH. These underlying reasons could have caused the discrepancy between the two studies, and we considered that we were more precise in selecting and dividing the study population. Interestingly, differences in f values did not reach statistical significance, which seemed paradoxical. Theoretically, D* and f are both perfusion-related parameters and provide perfusion information; therefore, they should have some degree of relationship. However, they reflect different aspects of perfusion: D* is related to the length and velocity of the capillary network, whereas f reflects the fraction of the microcirculation that accounts for all diffusion in voxels. Unsurprisingly, several studies have observed similar mismatches for D* and f (29, (31) (32) (33) , even in dynamic contrast enhancement research (34) , which is another type of perfusion-related hemodynamic model. One convincing explanation for this contradiction is that f is dependent on echo time (TE): the longer the TE, the larger the f value. During our scanning, the TE was not constant for each patient because of irregular respiration or variations in liver sizes. Another interpretation is that f is potentially sensitive to other bulky flow information, such as excretion of granules or glands, diffusion direction or diffusion pattern, and is not specific to perfusion uniquely (35) (36) (37) . FNH contains bile ducts; therefore, after taking up a hepatocyte-specific contrast agent, delayed biliary excretion is possible. Lastly, the background for state of the organ, such as the liver fat content, fibrotic tissue fraction, and even chronic disease such as pancreatitis, could have considerable influences on the measurement of parameters (7, 38, 39) .
ADC itself, containing diffusion and perfusion components, is not able to separate these two components and its practical effectiveness to diagnose or distinguish conditions may be limited to some extent (10, 11, 40) . However, previous studies indicated that ADC could be used as a marker to differentiate disease entities because of its high efficacy and ease of calculation (24) (25) (26) (27) . Our results also showed that ADC total slightly exceeded D in terms of maximum AUC values, with higher sensitivity and specificity, but there was no statistical difference between them (P = 0.61), which meant that ADC total and D had the same practical effectiveness.
On the other hand, we calculated ADC total from 11 b values instead of ADC 2b from two b values, and did not make comparison between these two indexes. ADC total has been proven to be superior to ADC 2b (11, 25) , because it contains more information. Although Klauss et al. (27) considered that the AUC of D was slightly better than that of ADC, they only used two b values (0 and 800) to calculate their ADC 2b . Further study is warranted to determine whether ADC or D which is more valuable for disease differentiation. Additionally, it should be noted that it is imprecise to fit the bi-exponential model for too few b values, although one report confirmed that only four b values were sufficient to estimate IVIM parameters (41) . The SD or CV of D* is frequently large and is well known for its worse reproducibility and repeatability compared with the other three parameters (21, 34, 42, 43) . In spite of significant differences in the D* values between HCC and FNH, its efficacy was inferior to ADC total and D, as is generally accepted. The values in our study for ADC total (2, 27) , D (26, 44) , and f (24, 45) were in line with or similar to those results reported previously. Our D* values were out of range of other studies, especially for FNH (24, 27) . Differences in triggering methods, use various b values for scanning, and the sample size are common explanations. Differences in histologic grade might also be a factor; some authors have argued that different tumor grades could affect IVIM parameters (45) . Also, feeding could lead to higher parameters, resulting from portal vein dilation, increases in venous blood, and enlarged gastrointestinal tract extrusion adjacent to the liver, compared with fasting. Thus, fasting or not fasting might have potentially contributed to these discrepancies (46) .
Several limitations exist in our study. First, the sample number for FNH is small. In contrast to HCC, the incidence of FNH is extremely low, although it is the second most common benign tumor in the liver. There may have been enrollment bias in our study. Ichikawa et al. (12) and Yoon et al. (11) reported one and nine FNH cases, in their study populations, which comprised 84 and 142 patients in total, respectively. Second, the pathology for some patients was not obtained. Diagnostic criteria for patients without proven histology were based on typical imaging features and relevant laboratory examination. In addition, the histopathologic grades of HCC were not subdivided in our group because this topic was beyond our purpose and we simply focused on the difference between HCC and FNH. However, Woo et al. (45) found that different histologic grades and the enhancement degree of HCC resulted in different parameters. In addition, some ROIs were chosen in the left liver lobe. Lesions located in the left lobe, especially close to the edge of the liver, are susceptible to be affected by cardiac or diaphragm motion and gastrointestinal peristalsis (47) (48) (49) . It is recommended to select lesions located in the center of the right liver lobe because it is more stable and leads to less overestimation during measurements (50); adding echocardiography triggering could decrease parametric variability effectively (49) . Finally, from a technological perspective, currently, IVIM image acquisition methods include free-breathing, breath-hold, and respiratory triggering. Respiratory triggering is used widely in clinical work and can produce high image quality and perfect signal-noise ratio compared with free-breathing and breath-hold; however, a disadvantage of respiratory triggering is that its parametric reproducibility is inferior to the latter two methods. We used respiratory triggering in our study, while Klauss et al. (27) applied breath-hold in their research; thus, respiratory triggering could be a latent contributor to the discrepancy. There is no consensus as to which method is better, because many authors have obtained excellent and interpretative results after using different methods. Thus, more effort is needed to establish standard guidelines.
In conclusion, IVIM provides a new modality to differentiate the HCC and FNH. ADC total and D demonstrated outstanding and comparable diagnosing performance.
